Picosecond CARS spectroscopy and phased-locked schlieren imaging are used to measure time-resolved temperature and visualize compression waves in a diffuse filament, nanosecond pulsed discharge sustained between a pair of spherical electrodes in nitrogen and air at P=100 torr. The discharge generates stable plasma with high specific energy loading (up to ~0.5 eV/molecule), and with spatial dimensions sufficiently large to enable laser diagnostic studies. The results demonstrate that significant temperature rise, up to ∆T~200 K, occurs both in nitrogen and in air, on the time scale shorter than the acoustic time scale. The characteristic time for the rapid temperature rise in air, ~100 ns, is significantly shorter compared to that in nitrogen, ~1 µs. In air, a second significant temperature rise, up to ∆T~350 K, occurs on a time scale of ~100-500 µs. This "slow" temperature rise is almost entirely missing in nitrogen. Phase-locked schlieren images demonstrate a near cylindrical shape compression wave formed around the discharge filament, both in nitrogen and in air. An additional, near spherical shape compression wave is formed near the cathode, due to significant energy release in the cathode layer of the discharge. The compression waves, caused by rapid localized heating quantified by the present measurements, are similar to the ones produced by a surface nanosecond pulse discharge in atmospheric air used for high-speed flow control, where comparable temperature rise was detected previously.
Introduction
Plasmas generated in surface Dielectric Barrier Discharge (DBD) flow actuators have been extensively studied over the last decade [1, 2] . Typically, DBD plasma actuators are driven by high-voltage, AC waveforms. In some cases, a DC bias or a series of short (nanosecond duration) pulses are added to the AC waveform to improve the actuator performance [3, 4] . The dominant mechanism of AC DBD actuator effect in low-speed flows, that of near-wall flow entrainment by ions accelerated in a space charge region of the plasma (electrohydrodynamic, or EHD flow acceleration), appears to be well understood [1, 2] . Compared to the Coulomb force interaction, the effect of Joule heating in surface DBD actuators driven by AC voltage waveforms in low-speed flows appears insignificant.
One of the most critical issues of surface DBD plasma flow control technology is maintaining the actuator performance and achieving flow control authority at high flow velocities for practical applications. The main limitation on the use of EHD acceleration for high-speed flow control is sustaining high space charge density and high electric field in the discharge (primarily in near-electrode and/or streamer head regions). For the EHD effect to be significant, the ratio of the Coulomb force work to the flow kinetic energy (the EHD interaction parameter) should be of the order of unity [5] . For typical values of electron/ion number densities and potential difference across a space charge region achieved in atmospheric pressure surface discharges, significant EHD effect on the flow is estimated to be produced at free stream flow velocities of up to a few tens meters per second. Further electron/ion density and electric field increase in the glow discharge plasma may be achieved by increasing peak voltage and dielectric thickness, although this is limited by ionization instability development, discharge filamentation, and localized heating of the flow. As a result, the use of EHD acceleration for high-speed flow control, at flow velocities of a few hundred m/s, is challenging. On the other hand, experiments on high-speed airfoil flow control using DBD plasma actuators powered by a series of high-voltage, nanosecond duration pulses demonstrate flow reattachment at much higher velocities, up to M=0.85 [6] . These results suggested that in this case the dominant effect of the plasma on the flow is caused by rapid localized heat generation in the actuator, rather than by EHD flow acceleration. Indeed, experiments of Ref. [6] detected compression waves in quiescent air generated by localized heating in the nanosecond pulse discharge in the DBD actuator. Recently, flow separation control by AC DBD plasma actuators has also been demonstrated in high-speed flows (M=0.1-0.4), achieved by increasing peak AC voltage and dielectric thickness [7] . However, determining whether the actuator effect on the flow in these experiments is caused by EHD body force or by localized heating in the plasma remains an open question.
Dynamics of compression waves generated in nanosecond pulse DBD plasma actuators has been studied in detail [8, 9] , and they were traced to wavelets generated by individual surface discharge filaments, as shown in Fig. 1 [8] . However, quantifying localized heating in the filaments using laser diagnostics (purely rotational Coherent Anti-Stokes Raman Spectroscopy, CARS) [10] turned out to be quite challenging, due to proximity of the surface and discharge filamentation. It was found that thermal / pressure perturbations in nanosecond pulse DBD (NS-DBD) actuators excite Figure 1 . Compression waves generated by an NS-DBD actuator in quiescent air on a cylinder model surface, 15 µs after discharge pulse (end view and side view) [8] . shear layer instabilities and generate coherent flow structures (spanwise vortices) in Mach 0.12-0.26 flows over an airfoil, at large angles of attack [11, 12] (see Fig. 2 ). This effect results in flow reattachment over a wide range of discharge pulse repetition rates [11] [12] [13] [14] . Also, compression waves generated in a NS-DBD actuator placed on the surface of a cylinder model in a Mach 5 flow were demonstrated to strongly perturb the bow shock in front of the model, which increased the shock stand-off distance, as shown in Fig. 3 [15] .
Flow forcing by repetitive thermal perturbations in NS-DBD actuators is consistent with the high-speed flow control mechanism used in repetitively pulsed Localized Arc Filament Plasma Actuators (LAFPAs) [16] [17] [18] [19] [20] [21] [22] . The main idea of this approach is forcing the flow with high amplitude, high bandwidth perturbations, at a frequency approaching one of flow instability frequencies, thus triggering their subsequent growth in the flow. Previous studies of flow control using LAFPAs in atmospheric pressure jet flows (M=0.9-2.0) demonstrated significant localized heating [17] and repetitive strong compression wave formation by the plasma [20, 22] , similar to strong compression waves produced by NS-DBD plasma actuators. LAFPA actuators also generate large-scale coherent structures in the flow [18, 19, 21, 23] and result in significant mixing enhancement. Note that at the same forcing frequency (discharge pulse repetition rate), the effect of LAFPAs on the flow actually becomes more pronounced at lower duty cycles. i.e. at shorter pulse durations [22] . This, as well as the fact that energy coupled to the plasma during breakdown (~10 ns long) and during quasi-steady-state actuator operation (~10 µs long) are comparable [21] , suggests that rapid localized heating produced by the nanosecond duration breakdown pulse is primarily responsible for flow forcing. In other words, flow forcing in LAFPA and nanosecond pulse DBD actuators may well occur on the same time scale, and the mechanisms of flow control for both types of actuators may be similar. Indeed, large-scale structures (spanwise vortices) detected in recent studies of high-speed airfoil flow control using nanosecond pulse DBD plasma actuators [11] [12] [13] [14] are similar to those detected in experiments using LAFPA actuators in jet flows.
Insight into the mechanism of flow forcing by NS-DBD plasma actuators requires time-resolved, spatially resolved temperature measurements in the plasma, primarily on time scales shorter than the acoustic time scale (i.e. the ratio of the characteristic spatial scale of the plasma and the speed of sound). These measurements need to be compared with kinetic modeling of surface nanosecond pulse discharge development and thermalization of energy stored in charged and excited species. This approach would make possible quantifying plasma-induced thermal perturbations in the flow, and predicting their effect on the flow field. The present paper discusses results of time-resolved, spatially resolved temperature measurements in nanosecond pulse discharges in nitrogen and air on time scales ranging from a few nanoseconds to a few milliseconds, using picosecond CARS diagnostics. This approach is superior to the use of UV/visible emission spectroscopy commonly used for temperature measurements in air plasmas, which does not provide the spatial resolution necessary and yields significant temperature uncertainty. To facilitate laser diagnostics access to nanosecond pulse discharge plasma filament, which is quite challenging in surface discharges due to small diameter of filaments and thickness of Figure 3 . A compression wave and a bow shock perturbation produced by a NS-DBD actuator on a surface of a cylinder model in a Mach 5 air flow, shown vs. time delay after the pulse [15] . plasma layer, ~100 µm at atmospheric pressure, the present measurements have been conducted in a point-to-point discharge geometry, using the same pulsed plasma generator as in our previous work with NS-DBD surface discharges [8, 12] . As will be discussed in Section 3, the results demonstrate that significant temperature rise in the discharge indeed occurs on sub-acoustic time scale, resulting in formation of compression waves qualitatively similar to compression waves produced by surface nanosecond pulse discharges. The main objectives of the present work are to (i) quantify the rate of energy thermalization and the magnitude of temperature rise in nanosecond pulse discharges, (ii) demonstrate that it causes compression wave formation, and (iii) provide experimental data for validation of kinetic models of energy transfer in nanosecond pulse discharges in nitrogen and air.
Experimental
In the present work, a diffuse, single filament discharge was specifically designed to enable studies in a stable, reproducible, point-to-point geometry with filament dimensions sufficiently small to achieve significant specific energy loading (up to ~1 eV/molecule) yet large enough to reduce the effect of diffusion and readily enable laser diagnostic studies. Figure 4 shows a schematic of the point-to-point geometry discharge cell, which utilized bare metal spherical electrodes 7.5 mm in diameter, made of copper. The electrode gap is 1 cm. The electrodes are powered using a custom-made pulsed plasma generator producing Figure 5 . Left: ICCD camera image of a pulsed discharge in air; right: radial distribution of UV/visible emission intensity in N 2 and air. Camera gate 100 ns. ~10 kV peak voltage pulses ~100 nsec duration, at pulse repetition rates of up to ν=10 kHz. In the present work, the pulser is operated at ν=50 Hz with the flow residence time in the cell of approximately 20 msec, such that the flow in the cell experiences only 1-2 discharge pulses. The point-to-point discharge was operated in nitrogen and dry air, at ambient temperature and 100 torr pressure. Typical voltage, current, and coupled energy waveforms in air, measured by Tektronix P6015A high voltage probe (75 MHz bandwidth), Pearson Model 2877 current probe (200 MHz bandwidth), and Tektronix 2024B oscilloscope (200 MHz bandwidth, 1 GS/s sampling rate) are plotted in Fig. 4 , showing the pulse energy to be approximately 14.0 mJ. At the present conditions, measurements of discharge pulse energy coupled to the plasma is straightforward since there is no dielectric barrier between the electrodes, such that the coupled power is simply a time integral of the product of voltage and current. In nitrogen, peak pulse voltage and current values, as well as coupled energy per pulse (11.6 mJ) are similar. Figure 5 shows an ICCD camera image of air plasma at the conditions of Fig. 4 , taken using a 100 nsec camera gate, as well as a radial profile of plasma emission intensity in nitrogen and air, with apparent full width at half maximum of 1.7 mm. Knowing the filament diameter is essential for estimating the reduced electric field, E/N, the electron density, and the discharge pulse energy loading per molecule.
Translational / rotational temperature in the plasma was measured using picosecond CARS diagnostics developed at Ohio State and discussed in greater detail in [24, 25] . Briefly, a Nd:YAG laser (Ekspla SL-333) outputs pulses of approximately 150 psec duration, with a maximum energy of ~120 mJ/pulse at the 532 nm 2 nd harmonic wavelength. A portion of this beam is used to pump an in-house fabricated modeless dye laser generating a broadband Stokes beam, patterned after Roy et al. [26] , which employs side-pumped oscillator and pre-amplifier cells, followed by an end-pumped final amplifier cell (without the output coupler). In the present work, a moderate bandwidth dye mixture (Rhodamine 640 and Kiton Red 620 dissolved in methanol) provides broadband output centered near 607 nm, with a full width at half maximum (FWHM) of approximately 5-6 nm, with dye laser energy efficiency of up to 10%. The remaining green light is split with a 50:50 nonpolarized beam splitter, forming the pump and probe beams. The two green beams and the broadband dye laser Stokes beam are focused into the measurement region with a single 2″ diameter, 150 mm focal length focusing lens. A delay line in the pump/probe leg ensures temporal overlap of all beams. For the present measurements, the folded BoxCARS phase matching geometry was employed [26] . After passing through the test region and re-collimation, dichroic mirrors isolate the CARS signal beam which is then directed into a 0.75 m grating spectrometer. At the spectrometer exit plane, a 2.3x relay lens magnification system is used to image the dispersed CARS signal onto a CCD (Andor Newton EM-CCD) camera. The combination of the 2.3x magnification and 3600 lpmm grating results in a spectral resolution of ~0.4 cm -1 , which is sufficient to partially resolve the rotational structure in the Q-branch spectra (∆J = 0) of nitrogen. The longitudinal spatial resolution for the BoxCARS geometry was measured by traversing a microscope cover glass (~100 µm thick) through the focal region on a micrometer stage and recording non-resonant background signal intensity produced from the glass. The results indicate that 95% of the signal generated comes from a segment ~ 0.5 mm long. The transverse spatial resolution is estimated to be on the order of 50 µm, although it was not measured directly. Raw CARS signal is normalized by a non-resonant background spectrum captured in an external cell filled with argon, which accounts for the variation of the intensity profile of the broadband Stokes laser as well as variation in the product of the pump and probe laser beams intensities. The square root of the intensity is taken to account for the quadratic dependence on number density. The rotational temperature was inferred by minimizing the least squares error, using the Sandia National Laboratories CARSFIT program [27] .
The effect of a nanosecond pulse discharge filament on the gas density distribution in the cell is detected using a custom-built phase-locked schlieren system, discussed in detail in our previous work [8, 15] . The light source used is a pulsed 5 W green light emitting diode (LED), controlled by a custom made drive circuit and synchronized with the pulsed plasma generator. An iris with a pinhole diameter set slightly larger than the focused LED beam diameter was placed behind the knife edge, and a green dichroic filter was placed in front of the camera, to discriminate stray UV/visible emission from the plasma. The LED pulse duration was set at 300 nsec, and it was operated at the same pulse repetition rate as the nanosecond pulse discharge. The LED drive circuit was synchronized with the pulsed plasma generator with a certain delay time, varied from 0 to 500 µs, and phase-locked schlieren images were accumulated over 100 discharge pulses. The pulsed plasma generator jitter is approximately 50-100 nsec, with the overall timing uncertainty of ±200 nsec (shock front position uncertainty of 0.07 mm). Phase-locked schlieren images were accumulated using a CMOS camera (Thorlabs DCC1545) operating at 3 frames per second (camera exposure time 300 ms).
Results
Based on discharge voltage and current waveforms and apparent filament diameter inferred from UV/visible discharge emission (see Fig. 5 ), one can estimate the reduced electric field and the electron density in the plasma, as well as the discharge energy loading per molecule. From Figure 4 , it can be seen that energy coupled during the pulse reaches 50% of its asymptotic value of 14 mJ when the voltage is approximately U≈4 kV. At T≈300 K, P≈100 torr (number density of n≈3·10 . This E/n value is likely to be somewhat overestimated because of the cathode voltage fall. Assuming that after the breakdown the discharge may be considered as a quasi-steady-state, high-current abnormal glow discharge, and using a DC cathode layer theory [28] , the estimated cathode voltage fall at the present conditions is U c ≈ 1 kV, which would reduce the effective reduced electric field value to E/n ≈ 90 Td. The estimated peak electron density is n e = I/(ev dr πr 2 ) ~ 10 15 cm -3 , where I ~ 40 A is the current, v dr ~ 10 7 cm/s is the electron drift velocity at E/n ~ 100 Td, and r is the filament diameter. The estimated energy loading per molecule in the filament is Q ~ I(U-U c )/(eπr 2 Ln) · τ/2 ~ 0.5 eV/molecule, where τ ~ 100 ns is the current pulse duration. At E/n ~ 100 Td in air, approximately half of the energy is loaded into electronic excitation of N 2 and O 2 and half is stored in vibrational excitation of N 2 [28] . In nitrogen, Q ~ 0.4 eV/molecule, and discharge energy partition at E/n ~ 100 Td is similar, ~50% to electronic excitation of N 2 and ~50% to vibrational excitation [28] .
To assess the precision and accuracy of the CARS rotational temperature measurements, a set of eighty 100-shot averaged spectra were obtained in the cell filled with dry air at P=100 torr and ambient temperature, T~300 K, without the discharge. Care was taken to avoid Stark broadening which would result in an artificial increase in the inferred rotational temperature. Figure 6 shows a typical CARS spectrum, plotted as the square root of the normalized signal intensity. The partial resolution of the rotational structure is clearly evident. Also plotted is the least squares fit obtained from CARSFIT code, which in this case returned a best fit temperature of 300 K. While there is some systematic difference between the experimental spectrum and the best fit, particularly in the vicinity of the band head above ~2330 cm -1 , the overall quality of the fit is quite good. As a more quantitative assessment, a histogram of the 80 spectra obtained under identical conditions yields the mean value of T=302 K with a standard deviation of σ=4.6 K, or ~1.5% of the mean. While not confirmed, it is anticipated that the relative uncertainty in rotational temperature would, if anything, improve with increasing temperature due to the increasing population of higher vibrational levels which are more readily resolved in the Q-branch spectra. Figure 6 also compares time-resolved rotational temperatures measured after a single-pulse discharge in nitrogen and air. The reference point in time (t=0) is the moment when the discharge current starts to rise (see Fig. 4 ). From Figure 6 , it can be seen that in both cases, the temperature after the discharge pulse rapidly increases, by approximately ∆T~200 K in both nitrogen and air. It is also apparent that the characteristic time for this "rapid" temperature rise in that in air, of the order of ~100 ns, is considerably longer compared to nitrogen, of the order of ~1 µs (note that at these conditions the characteristic acoustic time is τ acoust ~ r/a ~ 3 µs, where r ~ 1 mm is the filament radius and a ~ 0.3 mm/µs is the speed of sound). In air, an additional temperature increase, by ~350 K, occurs on a much longer time scale, ~100-500 µsec (see Fig. 6 ). In nitrogen, on the other hand, this additional "slow" temperature rise is missing almost entirely. Finally, both in nitrogen and in air the temperature eventually decreases to near room temperature on a msec time scale, ~1-10 msec.
Elucidating kinetic mechanism of energy thermalization in the plasma at the present conditions requires kinetic modeling of energy transfer processes in nonequilibrium, vibrationally excited, chemically reacting nitrogen and air transient plasmas in two-dimensional geometry, coupled with compressible flow equations. However, dominant energy transfer processes controlling energy thermalization rate can be identified using the following simple estimates. In dry air, the rate of "rapid" energy thermalization on sub-microsecond time-scale is likely to be controlled by quenching of electronically excited N 2 molecules, N 2 (C 3 Π), N 2 (B 3 Π), N 2 (a 1′ Σ), and N 2 (A 3 Σ) by oxygen, e.g.
Based on the quenching rate coefficients of these states by nitrogen and oxygen [29] , the characteristic time of their decay at the present conditions is τ C ~ τ B ~ 1 ns, τ a ~ 60 ns, and τ A ~ 600 ns. Since the energy is coupled to the plasma over τ dis ~ 100 ns (see Fig. 4 ), the thermalization time is controlled by the discharge pulse duration and by the processes of Eq. (2), i.e. is of the order of a few tens to a few hundred ns, consistent with the experimental data plotted in Fig. 6 . Significant oxygen dissociation in air is the most likely reason for an additional temperature rise ~100-500 µs after the pulse (see Fig. 6 ). Indeed, this time scale is consistent with the characteristic time for N 2 vibrational-translational (V-T) relaxation by O atoms, In nitrogen, the time scale for "rapid" energy thermalization, ~1 µs (see Fig. 6 ), is consistent with the estimated quenching rates of metastable states N 2 (a 1′ Σ) and 06 eV, suggests that a significant fraction of energy defect during quenching of electronically excited nitrogen molecules may be transferred to vibrational mode of ground electronic state, N 2 (X,v), via electronic-to-vibrational (E-V) coupling. This energy transfer process has been suggested earlier, based on broadband CARS time-resolved measurements of N 2 (X,v=0-4) vibrational levels in a pulsed discharge in nitrogen [33] . The fact that both in nitrogen and in air the time scale for rapid heating is shorter compared to the acoustic time scale (see Fig. 6 , τ acoust ~ 3 µs at the present conditions) suggest that rapid heating may result in a significant pressure overshoot in the afterglow plasma, producing a near cylindrical shape compression wave. Such compression waves have indeed been detected using phase-locked schlieren imaging, both in nitrogen and in air. Figure 7 shows six schlieren images in air taken at delay times after the discharge pulse ranging from 1 µs to 6 µs. It can be seen that, indeed, pressure rise in the filament region generates a near cylindrical compression wave propagating in the radial direction. An additional compression wave, originating near the bottom spherical electrode (cathode), can also be identified in Fig. 7 , demonstrating that a significant fraction of the discharge energy is released and rapidly thermalized in the cathode layer. Similar compression waves are detected in nitrogen, as can be seen in Fig. 8 , although in this case weaker contrast of the schlieren images near the wave front indicates that the density gradient across in the wave front is lower, i.e. the wave is weaker. This is qualitatively consistent with the results of time-resolved temperature measurements shown in Fig. 6 . Basically, slower rate of heating in nitrogen, compared to air, is likely to result in lower amplitude pressure overshoot in the filament, and thus produce a lower amplitude compression wave.
An additional series of schlieren images taken at longer time delays after the discharge, 20-500 µs, has shown no detectable compression waves formed during the "slow" heating of air plasma (by ∆T~ 350 K, see Fig. 6 ) on the time scale ranging from tens to hundred of µs, as expected. Basically, "slow" heating due to vibrational relaxation of nitrogen by O atoms occurs much slower compared to the acoustic time scale and therefore does not result in a noticeable pressure perturbation. Thus, the present data show that the dominant energy Figure 8 . Phased-locked schlieren images of a compression wave in nitrogen at different time delays after the discharge pulse, 0.5 µs to 5.5 µs.
transfer processes resulting in "rapid" energy thermalization and compression wave formation after the discharge pulse are quenching of excited electronic states of N 2 . Even a relatively modest temperature rise occurring on sub-acoustic time scale, ∆T~ 200 K, is sufficient for compression wave generation. In air, quenching by O 2 likely dominates and results in significant oxygen dissociation. In nitrogen, quenching of metastable electronic states N 2 (a 1′ Σ) and N 2 (A 3 Σ) dominates, possibly with additional energy transfer into the vibration energy mode of the ground electronic state (E-V coupling). Schlieren images of compression waves shown in Figs. 7,8 exhibit some similarities with images taken in a surface nanosecond pulse discharge in atmospheric air (see Fig. 1  [8] ), using the same pulsed plasma generator and schlieren system. In atmospheric pressure surface discharge, the acoustic time scale is shorter due to much smaller surface plasma layer thickness, d ~ 0.1 mm (τ acoust ~ d/a ~ 0.3 µs), at a similar predicted E/n value, ~ 100 Td [34] . Based on the present results, the characteristic time for rapid thermalization, which scales inversely proportional to pressure, in 1 atm air is in the range from a few ns to a few tens of ns. Thus, in Ref. [8] the rate of energy thermalization was likely controlled by the discharge pulse duration, ~100 ns, shorter than the acoustic time scale. Both in the present work and in Ref. [8] , compression waves generated near the electrode are readily apparent (compare Figs. 1 and 7) . While in the present work the additional compression wave is generated by energy release in the cathode layer, in Ref. [8] it was produced by energy release in a pulsed corona discharge near the sharp edge of the positive polarity high-voltage electrode. In Ref. [8] , single-pulse temperature rise was measured by UV/visible emission spectroscopy, yielding ∆T~80 K for a discharge distributed over the dielectric surface and ∆T~250 K for a constricted surface filament discharge. Although these measurements did not provide time or spatial resolution, the inferred temperature was strongly weighted toward the value reached during the discharge pulse, due to rapid decay of radiating N 2 (C 3 Π) state, a few ns at atmospheric pressure. Thus, temperature rise in a constricted filament is Ref. [8] , which generated mildly supersonic compression waves (M~2 near the origin), is comparable to that produced by "rapid" energy thermalization in a filament discharge in the present work (see Fig. 6 ), also generating compression waves.
Quantitative insight into the mechanism of energy thermalization in nanosecond pulse discharges needs kinetic modeling of discharge energy loading and molecular energy transfer in representative two-dimensional or three-dimensional geometries. To incorporate the effect of rapid energy thermalization on the flow, kinetic model of energy transfer in the plasma also needs to be coupled with a compressible flow code. The most challenging aspect of this problem is incorporating an extremely wide range of time scales, from ~ 10 sec for flow structure formation and development. To make the problem computationally tractable, air plasma kinetic processes controlling the energy thermalization rate, such as electron impact excitation and quenching of electronically excited species as well as detailed electron-ion kinetics, are usually left out [34, 35] . Instead, discharge energy fraction thermalized "rapidly" (i.e. on the acoustic time scale or shorter), predicted by zero-dimensional air plasma models is used to predict the rate of localized heating by the discharge [34, 36] . Although the use of this simplified approach allows coupling the drift-diffusion model of the discharge with compressible Navier-Stokes equations, to monitor compression wave formation in quiescent air, monitoring their propagation and interaction with the flow on a long time scale remains an open challenge. Semi-empirical models of near-surface energy addition, via surface or volumetric heating, can also be used to generate compression waves and monitor the effect on the flow qualitatively, with no predictive capability. An alternative approach could be the use of a physics-based analytic model of surface NS-DBD plasma development on nanosecond time scale, such as developed in Ref. [37] , which can be coupled with the flow code at little additional computational cost and used for predictive flow control modeling.
Summary
In the present work, psec CARS spectroscopy and phased-locked schlieren imaging have been used to measure time-resolved temperature and visualize compression waves in a diffuse, single filament, nanosecond pulsed discharge sustained between a pair of spherical electrodes in nitrogen and air at P=100 torr. The discharge generates stable plasma with high specific energy loading (up to ~0.5 eV/molecule), and with spatial dimensions sufficiently large to enable laser diagnostic studies. The spatial resolution of the present CARS diagnostics is ~0.5 mm in the direction of the laser beams and ~50 µm in the transverse direction. The results demonstrate that significant temperature rise, up to ∆T~200 K, occurs both in nitrogen and in air, on the time scale shorter than the acoustic time scale, τ a ~ 3 µs at the present conditions. The characteristic time for the rapid temperature rise in air, ~100 ns, is significantly shorter compared to that in nitrogen, ~1 µs. In air, a second significant temperature rise, up to ∆T~350 K, occurs on a time scale of ~100-500 µs. This "slow" temperature rise is almost entirely missing in nitrogen. Analysis of characteristic time scales of energy transfer processes in nitrogen and air suggests that dominant energy transfer processes resulting in "rapid" energy thermalization and compression wave formation after the discharge pulse are quenching of excited electronic states of N 2 . In air, quenching by O 2 likely dominates and results in significant oxygen dissociation. In nitrogen, quenching of metastable electronic states N 2 (a 1′ Σ) and N 2 (A 3 Σ) dominates, possibly with additional energy transfer into the vibrational energy mode of the ground electronic state via electronic-to-vibrational coupling. Time scale for "slow" temperature rise in air is consistent with the estimated characteristic time for N 2 vibrational-translational (V-T) relaxation by O atoms.
As expected, phase-locked schlieren images, taken at time delays of 0.5-20 µs after the discharge pulse, demonstrate a near cylindrical shape compression wave formed around the discharge filament, both in nitrogen and in air. Thus, a relatively modest temperature rise occurring on sub-acoustic time scale, ∆T~200 K, is sufficient for compression wave generation. An additional, near spherical shape compression wave is formed near the cathode, showing that significant energy release, followed by rapid thermalization, occurs in the cathode layer of the discharge. Schlieren images taken at longer time delays after the discharge, 20-500 µs, have shown no detectable compression waves formed during the "slow" heating of air plasma on the time scale of 500 µs, as expected. Basically, "slow" heating occurs much slower compared to the acoustic time scale and therefore does not result in noticeable pressure perturbation. The compression waves are qualitatively similar to the ones produced by a nanosecond pulse surface DBD discharge in atmospheric air used for high-speed flow control, where comparable temperature rise was detected previously.
